Energy management control is essential to microgrids (MGs), especially to single-phase ones. To handle the variety of distributed generators (DGs) that can be found in a MG, e.g., renewable energy sources (RESs) and energy storage systems (ESSs), a coordinated power regulation is required. The latter are generally battery-based systems whose lifetime is directly related to charge/discharge processes, whereas the most common RESs in a MG are photovoltaic (PV) units. Hybrid energy storage systems (HESS) extend batteries life expectancy, thanks to the effect of supercapacitors, but they also require more complex control strategies. Conventional droop methodologies are usually applied to provide autonomous and coordinated power control. This paper proposes a method for coordination of a single-phase MG composed by a number of sources (HESS, RES, etc.) using power line signaling (PLS). In this distributed control strategy, a signal whose frequency is higher than the grid is broadcasted to communicate with all DGs when the state of charge (SoC) of the batteries reaches a maximum value. This technique prevents batteries from overcharging and maximizes the power contribution of the RESs to the MG. Moreover, different commands apart from the SoC can be broadcasted, just by changing to other frequency bands. The HESS master unit operates as a grid-forming unit, whereas RESs act as grid followers. Supercapacitors in the HESS compensate for energy peaks, while batteries respond smoothly to changes in the load, also expanding its lifetime due to less aggressive power references. In this paper, a control structure that allows the implementation of this strategy in single-phase MGs is presented, with the analysis of the optimal range of PLS frequencies and the required self-adaptive proportional-resonant controllers.
Introduction
Power systems of today and those developed more than a century ago have several points in common. Firstly, they consist of large power plants installed far away from consumption points. Power flows are unidirectional, moving through long, expensive transmission lines and their operation is demand-driven. These power systems are exceptionally complex and require reliable control strategies to ensure the quality of the grid [1] [2] [3] . In the last few decades, this concept has been continuously evolving thanks to modern solutions such as distributed generators DGs-primarily based on energy storage systems (ESSs) and renewable energy sources (RESs)-active demand management combined Figure 1 shows a possible single-phase MG connected to the mains through an intelligent transfer switch (ITS). When a fault occurs on the utility grid, the ITS disconnects the MG to enable islanded operation. Then, RES and HESS units are left on their own to supply the loads at nominal voltage and frequency. This MG is formed around a common AC link, to which the HESS, RESs, and loads are directly connected. PV panels are depicted attached to a maximum power point tracker (MPPT) converter, although they could be directly connected to the AC line through the power inverter. Commonly, loads can be practically divided into active and passive ones, but all of them are usually designed for a wide range of input AC voltage, e.g., 100-240 V RMS. inverters, and more. However, in the particular case of this work, the BESS generates a power line signal (PLS) that informs the RESs distributed along the single-phase MG to reduce their power contribution, due to the fact that the batteries are reaching their maximum SoC. The frequency of this signal is proportional to the SoC of the batteries. However, below a certain SoC, the PLS is turned off and all the grid-followers operate at their nominal operation point. Additional PLS triggers may be programmed, e.g., protection against huge derivatives of batteries' input current, due to extreme sudden changes in the load, a reactive power command, etc. This flexible solution avoids using centralized control or droop strategies and hence, there is no need for secondary control of the frequency. This paper is organized as follows: in Section II, the physical configuration of the MG is presented. Section III describes the PLS concept and how it can be applied to single-phase MGs. The energy management strategy of the whole MG and how the renewable sources have to react when the PLS is detected is explained in Section IV. The proposed control strategy is verified in Section V through hardware-in-the-loop results. This work is concluded in Section VI, where the obtained results are discussed and conclusions are reached. Figure 1 shows a possible single-phase MG connected to the mains through an intelligent transfer switch (ITS). When a fault occurs on the utility grid, the ITS disconnects the MG to enable islanded operation. Then, RES and HESS units are left on their own to supply the loads at nominal voltage and frequency. This MG is formed around a common AC link, to which the HESS, RESs, and loads are directly connected. PV panels are depicted attached to a maximum power point tracker (MPPT) converter, although they could be directly connected to the AC line through the power inverter. Commonly, loads can be practically divided into active and passive ones, but all of them are usually designed for a wide range of input AC voltage, e.g., 100-240 V RMS.
Single-Phase MG Structure and System Configuration

As previously mentioned, the energy storage unit fixes both voltage and frequency in the MG during islanded operation, and provides a power buffer, as expressed in (1). When the SoC of the batteries is in a safe region, they can absorb the extra power generated by the RESs that is not consumed by the loads (if there is any), charging up these electrochemical devices. As previously mentioned, the energy storage unit fixes both voltage and frequency in the MG during islanded operation, and provides a power buffer, as expressed in (1) .
When the SoC of the batteries is in a safe region, they can absorb the extra power generated by the RESs that is not consumed by the loads (if there is any), charging up these electrochemical devices.
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Under these conditions, the RESs operate by injecting all the available power with an MPPT algorithm. Different up to date control strategies have been developed for both PV and wind sources [9, 10, [33] [34] [35] . For this work, the authors have focused their interests on PV technology and the perturb and observe method. Like all MMPT, this algorithm is responsible for finding the operation point where the maximum power from the PV panel can be extracted.
When the batteries are fully charged, a coordinated control strategy is necessary to command the BESS control loop to stop absorbing power and therefore, a new equilibrium point is achieved as expressed in (2):
Moreover, grid-following units have to reduce their power contribution to match the loads' consumption, shifting from the maximum power point (MPP). This transition must be done smoothly in order to avoid rough transients.
Upon a sudden change in the load conditions, SESS initially provide the required power due to their faster response capability. Therefore, supercapacitors are used to provide/absorb power during the transients. The difference between the reference of the overall power of the HESS and the transient power managed by the SESS is the power reference of the BESS. This strategy ensures an optimal use of both storage technologies, expanding their useful life. Several strategies can be used to split the power share between the SESS and the BESS of the hybrid system. In DC MGs, the most simple way is to obtain the power reference of the batteries by applying a lowpass filter to the overall power reference as shown in (3) [36, 37] . In AC MGs, this step is not as straightforward, as discussed in following sections.
PLS Concept Applied to Single-Phase MGs
There are some technical papers in the bibliography where the use of PLS is applied to enable communications between converters in a MG. In some of these works, the PLS is applied to DC MGs [18, 20, 24] where different control strategies can be found. For instance, in [24] , the droop profile varies depending on the PLS frequency. This means there is a continuous injection of a sinusoidal signal into the DC bus. On the other hand, in [18] the control strategy is based not only on a droop control, but on keeping the RES units operating at their MPP while the batteries' SoC is in a safe zone. The moment this SoC is high enough to trigger the PLS, the RESs change to a different operation mode. PLS can also be applied to AC power systems (three-phase ones) as proposed in [21, 22, 25] . In this particular work, the previous ideas are adapted to be used in single-phase small MGs. Figure 2 shows the basic structure of the MG under study. It consists of a master HESS and two slave PV units. The PLS is generated by the BESS and is measured and filtered in the capacitor of the filter of each RES unit. The PLS is triggered when the SoC of the batteries reaches a certain value. Then, it is broadcasted with a certain frequency that increases as the SoC does. The most appropriate frequency range of the PLS has to be studied in order to avoid interactions with key frequencies like the grid, high frequency harmonics, or the bandwidth of the closed loop control of the PLS. In the particular case of [21] and due to sidebands of the injected signal, a frequency of 90 Hz is selected. However, in our case study, there are unknown line impedances that may affect the propagation of the According to Figure 2 , the transfer function between V C3 and V y is denoted by (4):
Selection of the PLS Frequency
And the transfer function between V y and V C1 is:
where Z is the impedance of the load.
The relation between the point where the PLS is injected and the voltage at C 1 is therefore:
Combining (4), (5) and (6), the transfer function between the voltage at the capacitor of the LCL RES 1 filter and V i is:
Once the transfer function of the system is known, the effect of the load and line impedances in the PLS needs to be studied. Figure 3 shows the effect of the load over the attenuation of the PLS signal in a Bode diagram. The effect of a pure resistive load is analyzed in Figure 3a , and the consequences of including an inductive performance can be seen Figure 3b . At low to medium range frequencies, the nature of the load has no significant consequences on the Bode diagram. According to Figure 2 , the transfer function between and is denoted by (4) 
And the transfer function between and is:
( )
The relation between the point where the PLS is injected and the voltage at is therefore:
Combining (4), (5) and (6), the transfer function between the voltage at the capacitor of the LCL RES 1 filter and is:
Once the transfer function of the system is known, the effect of the load and line impedances in the PLS needs to be studied. Figure 3 shows the effect of the load over the attenuation of the PLS signal in a Bode diagram. The effect of a pure resistive load is analyzed in Figure 3a , and the consequences of including an inductive performance can be seen Figure 3b . At low to medium range frequencies, the nature of the load has no significant consequences on the Bode diagram. On the other hand, the effect of line impedances on the PLS attenuation is shown in the Bode diagram of Figure 4 . This analysis was performed for several variations in the impedance of the cable.
This very same analysis can be done for the second RES. However, it is necessary to include the corresponding line impedances to obtain the equivalent transfer function as depicted in Figure 5a . The evolution of its root locus is plotted in Figure 5b . The system poles move in different directions depending on those line impedances. On the other hand, the effect of line impedances on the PLS attenuation is shown in the Bode diagram of Figure 4 . This analysis was performed for several variations in the impedance of the cable.
This very same analysis can be done for the second RES. However, it is necessary to include the corresponding line impedances to obtain the equivalent transfer function as depicted in Figure 5a . The evolution of its root locus is plotted in Figure 5b . The system poles move in different directions depending on those line impedances.
There is a common frequency to all previous analyses that seems suitable to be the PLS one, and that is 228 Hz. This frequency is not affected either by the nature of the load or the line impedances and it is valid for both RES 1 and RES 2 units. This frequency is not close to 100 Hz and it will not interact with the AC loads. Moreover, it is not low enough to disturb the converters' primary control loops. In the particular case of lighting systems, flickering is a key issue. There are some sensitive kinds of lamps (e.g. filament-LED lamps) that could interact with a PLS frequency close to 100 Hz, There is a common frequency to all previous analyses that seems suitable to be the PLS one, and that is 228 Hz. This frequency is not affected either by the nature of the load or the line impedances and it is valid for both RES 1 and RES 2 units. This frequency is not close to 100 Hz and it will not interact with the AC loads. Moreover, it is not low enough to disturb the converters' primary control loops. In the particular case of lighting systems, flickering is a key issue. There are some sensitive kinds of lamps (e.g. filament-LED lamps) that could interact with a PLS frequency close to 100 Hz, resulting in undesired situations. That is why the frequency used in [31] is not recommendable. Thus, this value of 228 Hz has been chosen as the center frequency of the power line signal.
Detection of the PLS Frequency
The detection of the PLS is done at the capacitor of the filter of every RES unit attached to the MG. The voltage at these capacitors is measured for two reasons: firstly, to synchronize the gridfollowing inverter and second, to check if there is any high frequency signal related to communications. As explained in [31] , in order to filter possible sidebands, high order filters are required. Choosing a much higher power line frequency signal would have facilitated the filtering process, although it could have interacted with the current loop bandwidth. However, in order to work only with power line signal, two filters are required: a bandstop to attenuate the grid frequency, which has bigger amplitude than the PLS, and a bandpass focused on the objective region (see Figure  6 ). In this work, Infinite impulse response (IIR) filters have been implemented due to their faster response and fewer coefficients [38] . There is a common frequency to all previous analyses that seems suitable to be the PLS one, and that is 228 Hz. This frequency is not affected either by the nature of the load or the line impedances and it is valid for both RES 1 and RES 2 units. This frequency is not close to 100 Hz and it will not interact with the AC loads. Moreover, it is not low enough to disturb the converters' primary control loops. In the particular case of lighting systems, flickering is a key issue. There are some sensitive kinds of lamps (e.g. filament-LED lamps) that could interact with a PLS frequency close to 100 Hz, resulting in undesired situations. That is why the frequency used in [31] is not recommendable. Thus, this value of 228 Hz has been chosen as the center frequency of the power line signal.
The detection of the PLS is done at the capacitor of the filter of every RES unit attached to the MG. The voltage at these capacitors is measured for two reasons: firstly, to synchronize the gridfollowing inverter and second, to check if there is any high frequency signal related to communications. As explained in [31] , in order to filter possible sidebands, high order filters are required. Choosing a much higher power line frequency signal would have facilitated the filtering process, although it could have interacted with the current loop bandwidth. However, in order to work only with power line signal, two filters are required: a bandstop to attenuate the grid frequency, which has bigger amplitude than the PLS, and a bandpass focused on the objective region (see Figure  6 ). In this work, Infinite impulse response (IIR) filters have been implemented due to their faster response and fewer coefficients [38] . 
The detection of the PLS is done at the capacitor of the filter of every RES unit attached to the MG. The voltage at these capacitors is measured for two reasons: firstly, to synchronize the grid-following inverter and second, to check if there is any high frequency signal related to communications. As explained in [31] , in order to filter possible sidebands, high order filters are required. Choosing a much higher power line frequency signal would have facilitated the filtering process, although it could have interacted with the current loop bandwidth. However, in order to work only with power line signal, two filters are required: a bandstop to attenuate the grid frequency, which has bigger amplitude than the PLS, and a bandpass focused on the objective region (see Figure 6 ). In this work, Infinite impulse response (IIR) filters have been implemented due to their faster response and fewer coefficients [38] . 
PLS Closed-Loop Algorithm
Self-adaptive proportional-resonant (PR) controllers are required for the purpose of ensuring zero steady-state errors of the power line signals. The ideal PR controller has an infinite gain at the AC frequency of and no phase shift and gain at other frequencies. By including an anti-windup term and IIR filters, the final control loop of the PLS can be obtained (Figure 7 ). The PLS signal is generated by a dedicated algorithm that provides the frequency information to the controller, behaving as a self-adaptive one. 
Control Strategy of the MG
The distributed control strategy that prevents batteries from overcharging, as well as maximizing the power contribution of the RESs to the MG, is presented in Figure 8 . All different control loops are depicted. A primary control algorithm with two cascade loops for the HESS establishes the MG in a nominal operation point (230 V RMS, 50 Hz). Note how the BESS uses two control loops (voltage and current) to set the MG voltage and frequency, whereas the SESS operates as a grid-following unit, with compensating peak currents. RESs are programmed to inject the maximum power available until power line communications are detected. When that happens, their power contribution is reduced according to the PLS frequency. A simplified flowchart of this algorithm is depicted in Figure 9 . This diagram represents the behavior of both HESS and RES units. 
PLS Closed-Loop Algorithm
Self-adaptive proportional-resonant (PR) controllers are required for the purpose of ensuring zero steady-state errors of the power line signals. The ideal PR controller has an infinite gain at the AC frequency of ω PLS and no phase shift and gain at other frequencies. By including an anti-windup term and IIR filters, the final control loop of the PLS can be obtained ( Figure 7 ). The PLS signal is generated by a dedicated algorithm that provides the frequency information to the controller, behaving as a self-adaptive one. 
Self-adaptive proportional-resonant (PR) controllers are required for the purpose of ensuring zero steady-state errors of the power line signals. The ideal PR controller has an infinite gain at the AC frequency of and no phase shift and gain at other frequencies. By including an anti-windup term and IIR filters, the final control loop of the PLS can be obtained ( Figure 7 ). The PLS signal is generated by a dedicated algorithm that provides the frequency information to the controller, behaving as a self-adaptive one. 
Control Strategy of the MG
PLS generation and Event Triggers
The main objective of the PLS communications is the protection of the batteries and therefore, to extend their life. Different events can trigger PLS generation. The primary event that activates communications is a dangerously high SoC of the batteries.
However, there can be other events which could prompt warning signals from the BESS. For instance, a large derivative of the input current into the batteries is not recommended. This could mean there has been an important sudden change in the load or that something is wrong in the MG. When controlling the SoC, the frequency of the PLS is defined by (8) 
SoC SoC SoC
SoC SoC (8) where m is the slope of the curve depicted in Figure 2 .
PV Slave Unit Under Power Control Conditions
The interface of the PV panels can be done in many ways. For instance, in countries with low grid voltages, like Japan, it is becoming very popular to connect the PV panel directly to the grid through an inverter. The MPPT is implemented in the DC-AC inverter [10] . However, the general case is the one depicted in Figure 8 , where the MPPT is an independent DC-DC converter that injects the PV current into a DC bus.
This DC link voltage is controlled by the DC-AC inverter. Many MMPT techniques can be found in the bibliography [33] [34] [35] . In the present work, a perturb and observe algorithm was used, although it should not be complicated to apply the proposed power control algorithm to any other MPPT technique.
In a safe SoC scenario, the performance of a RES is fixed by the MPPT, providing the maximum available power to the MG. However, if power line communications are detected, the MPPT has to shift the operation point to a different one where the generated power is lower.
The proposed power control algorithm (PLS frequency estimator block in Figure 8) 
PLS Generation and Event Triggers
However, there can be other events which could prompt warning signals from the BESS. For instance, a large derivative of the input current into the batteries is not recommended. This could mean there has been an important sudden change in the load or that something is wrong in the MG. When controlling the SoC, the frequency of the PLS is defined by (8) :
where m is the slope of the curve depicted in Figure 2 .
PV Slave Unit under Power Control Conditions
In a safe SoC scenario, the performance of a RES is fixed by the MPPT, providing the maximum available power to the MG. However, if power line communications are detected, the MPPT has to shift the operation point to a different one where the generated power is lower. The proposed power control algorithm (PLS frequency estimator block in Figure 8 ) reads the frequency of the PLS and generates a ∆V that shifts the MPP accordingly, generating a new voltage reference to be tracked by the PI controller of the MPPT algorithm. ∆V can be calculated as follows:
The previous explanation about shifting the MPP is graphically represented in Figure 10 . A red square points out the nominal MPP, i.e., no PLS detected. If there is a PLS broadcast, then the operating point moves to a new one (red circumference), reducing the power obtained from the PV panels. This displacement of the MPP is therefore done according to f PLS .
Energies 2018, 11, x FOR PEER REVIEW 11 of 16
The previous explanation about shifting the MPP is graphically represented in Figure 10 . A red square points out the nominal MPP, i.e., no PLS detected. If there is a PLS broadcast, then the operating point moves to a new one (red circumference), reducing the power obtained from the PV panels. This displacement of the MPP is therefore done according to f .
Grid-following unit (RES inverter)
The grid-following inverter, which operates together with the MPPT, behaves as a current mode voltage source inverter (CM-VSI). It synchronizes with the MG voltage thanks to a dedicated PLL whereas the current reference is tracked by a single PR controller. 
SoC Estimation
Many SoC techniques have been developed during the past few years, allowing users to obtain precise information about remaining battery capacity. Some of these techniques can be found in the bibliography [39] [40] [41] [42] .
However, these approaches are not easy to reproduce by non-expert researchers. Instead, in this work, a simpler ampere-hour counting method was used to estimate the SoC of the batteries:
where 0 is the initial SoC, is the capacity in Ah, is the charging/discharging efficiency, and is the instantaneous current at the battery [43] .
Plug-and-Play Capability of Additional Units
According to Figure 5 , a new RES unit connected to the MG does not affect or damage communications if it is not located far away from the HESS. This unit should be treated the same way as the already-present RES functional units. Therefore, plug-and-play capability can be easily achieved for new RES structures if the proposed control algorithm is adopted.
Nevertheless, in the case of a generic ESS (HESS, BESS, SESS), one should develop a different approach. An interesting strategy would be to operate this second ESS as a backup unit. If the main HESS fails, a second equipment can restore the MG conditions, as an uninterruptible power supply (UPS). There is another option, though, and that is to operate this new unit in parallel with the master HESS, providing a secondary control of frequency and voltage [44] , or following a particular droop control [45] . 
Grid-Following Unit (RES Inverter)
The grid-following inverter, which operates together with the MPPT, behaves as a current mode voltage source inverter (CM-VSI). It synchronizes with the MG voltage thanks to a dedicated PLL whereas the current reference is tracked by a single PR controller.
SoC Estimation
where SoC(0) is the initial SoC, C bat is the capacity in Ah, η bat is the charging/discharging efficiency, and I bat is the instantaneous current at the battery [43] .
Plug-and-Play Capability of Additional Units
Nevertheless, in the case of a generic ESS (HESS, BESS, SESS), one should develop a different approach. An interesting strategy would be to operate this second ESS as a backup unit. If the main HESS fails, a second equipment can restore the MG conditions, as an uninterruptible power supply (UPS). There is another option, though, and that is to operate this new unit in parallel with the master HESS, providing a secondary control of frequency and voltage [44] , or following a particular droop control [45] .
Hardware-in-the-Loop Results
The proposed control strategy has been verified through hardware-in-the-loop simulations on a Speedgoat ® platform. The parameters of the MG have been gathered in Table 1 . One HESS and two PV RES units were simulated supplying different load steps. These simulation results can be found in Figure 11 . According to Figure 9 , during the start up of the system, only the HESS is able to supply the loads. Therefore, up to t = 5 s, the batteries are discharging and the PV panels are not operative. Beyond that point, RES units begin to inject power into the MG, and therefore, the power contribution of the BESS is continuously reduced until t ≈ 11 s, when the BESS starts to absorb energy and thus, charge the batteries. The SoC of those batteries is climbing under safe values until t ≈ 38 s. At that point, it reaches the 95% of its nominal value and PLS is broadcasted. Therefore, the RES units commence to shift the operating point from the MPP, and hence reduce their power contribution.
The MMPT algorithm has been also tested, as can be observed in Figure 11h . The irradiance over both RES units changes during the simulation. The MPPT perfectly tracks the irradiance over the PV panels. 
Conclusions
In this paper, a distributed control strategy for islanded single-phase microgrids with hybrid energy storage systems based on power line communications has been presented. This approach allows for a coordinated power regulation between the variety of distributed generators and loads that can be encountered in a microgrid. The physical configuration of the microgrid and how to apply power line communications in single-phase islanded microgrids have been studied. The attenuation of this kind of communications can be altered by the integration of more power converters (renewable energy sources, power loads, etc.) and by line impedances, and thus the most suitable range of frequencies for the communications has been calculated.
The proposed control strategy has been validated through hardware-in-the-loop simulations. The renewable energy sources inject power into the microgrid depending on the SoC of the batteries of the hybrid energy storage system. When a reference is reached, the grid-following units reduce their power contribution by shifting the operating point in the MPPT algorithm. This displacement of the maximum power point is done according to the frequency of the communication signal. Upon sudden changes in the load conditions, the PV panels again shift their operation point if they are required to.
The calculation of the current references of both systems that make up the hybrid system has been studied. The supercapacitor is responsible for absorbing or delivering the power peaks, while Three load steps can be found in the simulation results at different moments as summarized in Table 1 (Figure 11a summarizes all these load steps and their effect on the power converters). A new scenario appears at t = 55 s when a 2500 W load is connected. The SESS have higher bandwidth and thus it is able to respond faster to this variation. The BESS follows this change of the consumption trend more slowly. Therefore, this transition is assumed by the HESS, while the frequency of the PLS is reduced due to the equivalent SoC decrease. The RES are less limited by the PLS, and therefore they will look for a new operation point.
This operating point remains stable until there is a new change in the MG conditions. The SoC of the batteries gradually decreases and at t ≈ 65 s it goes below the SoC min . Power-line communications are thus shut down and RES units again inject all the available power into the MG. This situation remains steady for a few seconds, but then a new load is connected at t = 70 s. Again, the SESS is the first unit to react to this transient and the BESS contributes with a softer current reference (Figures 11b and 11e show the power contribution of both SESS and BESS, as well as a more detailed view of the transient at t = 70 s).
The MMPT algorithm has been also tested, as can be observed in Figure 11h . The irradiance over both RES units changes during the simulation. The MPPT perfectly tracks the irradiance over the PV panels.
The calculation of the current references of both systems that make up the hybrid system has been studied. The supercapacitor is responsible for absorbing or delivering the power peaks, while the batteries follow a less aggressive charge/discharge profile. In this way, it is possible to increase its useful life.
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